Gastrointestinal retention time may affect digestive processes in the horse. To evaluate the effect of processing of grains on mean retention time in different segments of the gastrointestinal tract, 4 Norwegian Cold-blooded trotters (cecally cannulated, approximately 500 kg of BW) were used. Barley, maize, and wheat were all ground, pelleted, extruded, and micronized to create a total of 12 processed grains. After an adaptation period of 5 d, each horse was given 0.2 kg of Yb-mordanted grain together with their morning meal, which consisted of 2 kg of hay and 1 kg of one of the grains. Fecal samples were collected 5, 6, 7, 8, 9, 10, 11, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32, 34, 36, 38, 48, and 52 h after administration of the marker dose. The samples were analyzed for Yb, and values were used for a 2-compartment nonlinear passage model to calculate the retention times in different segments of the gastrointestinal tract for each type of grain and each processing method. Among grains, maize had a longer retention time in the time-dependent compartment (believed to be cecum) than barley and wheat (P < 0.05) and hence a decreased passage rate out of this compartment (P < 0.05). For the feed processing treatment, ground grains had a longer compartmental retention time than those grains processed with the high temperature (extruded and micronized; P < 0.05), but the total mean retention time was not affected by treatments. In conclusion, feed processing affected passage rates and compartmental retention times, but did not affect the overall retention time in the gastrointestinal tract of the horse.
INTRODUCTION
The passage rate of ingesta through the gastrointestinal (GI) tract is important when studying the digestive physiology and nutrition of the horse. Retention times in the GI tract are relevant to digestibility, water balance, exercise performance, and digestive disorders. Several experiments have been conducted to establish the general GI tract passage time in the horse (Van Weyenberg et al., 2006) , and large variations have been reported. Factors shown to affect the retention times include breed, level of exercise, and composition of ration. The influence of different grains as well as the effect of grain processing has yet to be examined. Different types of grain have varying digestibilities, and feed processing may further alter the digestibility because of gelatinization of the starch and denaturation of protein.
Longer retention times in most experiments are associated with increased digestibility, increased microbial activity, and increased absorption of water from the gut, all of which are favorable conditions to the horse. The hypothesis tested in this experiment was that feed processing leads to altered retention times of grains and hence affects digestive processes and digestibility.
Passage kinetics is a time-dependent process in the horse (Moore-Colyer et al., 2003) , and the G4G1-model by Pond et al. (1988) has been proposed as the bestfitting model . The model describes the GI tract with 2 independent mixing compartments, of which one is time dependent (cecum) and another is time independent (large intestine). By using this model, it would be possible to determine the compartment in which a change in retention time takes place. Hay and processed grains have similar retention times in the equine GI tract (Rosenfeld et al., 2006 ); hence, the particle size does not seem to influence the retention time. As the retention time varies considerably, the objective of this study was to determine the effect of type of grain and feed processing on retention times in the equine GI tract.
MATERIALS AND METHODS
All animals were cared for according to laws and regulations controlling experiments on live animals in Norway (i.e., the Animal Protection Act of December 20, 1974 and the Animal Protection Ordinance concerning Experiments on Animals of January 15, 1996). All horses remained healthy during the experiment.
Animals, Management, Feed Processing, and Diets
Four Norwegian Cold-blooded trotter geldings (age, 5 to 8 yr; initial BW, 486 to 532 kg) were used. The horses were individually stabled in tie stalls bedded with rubber mats and wood shavings. The horses were fitted with a permanent cecal cannula close to the ileocecal junction, but the cannula was not used during the experiment. All horses were exercised simultaneously daily in an outdoor rotary exerciser (walk and trot) for 60 to 90 min starting approximately 3 h after the morning meal. The surgical procedure of cannulation was completed for all horses more than 1 yr before this experiment.
The grains fed were barley, maize, and wheat, and the same batch of each grain was processed in 4 different ways: ground, pelleted, extruded, and micronized, resulting in 12 processed grains ( Table 1 ). The ground grains were ground on a hammer mill (E-22115 TF, Münch-Wuppertal, Germany) using a 1-mm screen, and not processed further. The pelleted grains were also ground using a 1-mm screen and then processed at 82 to 85°C to produce 8-mm pellets (Model RPM 350.100, Pelletpress Münch, Wuppertal, Germany). The extruded grains were first ground using a 1-mm screen and then extruded at 130°C using an 8-mm die to produce approximately 13-mm pellets (Model Tween screw BCTB 62, Extruder Bühler, Lake Bluff, IL). Water was added (8 to 10%) to grains before micronizing (Gas Fired Infra Red MR2 Vibratory Micronizer, Micronizing Company, Suffolk, UK) and cooked with infrared radiant energy for 45 s at 112 to 115°C before flaking (LFM Flaking mill, Micronizing Company) to produce micronized grains.
Horses were fed a diet consisting of 7 kg/d of long hay (mainly timothy, Table 1), and 3 kg/d of one of the processed grains. The diet corresponded to 12.6 to 14.3 g/kg of BW of hay and 5.2 to 5.7 g/kg of BW of grains. The daily ration was divided into 3 meals, offered at 0800, 1400, and 2000 h. Each meal consisted of 1 kg of grain, immediately followed by 2 kg of hay (morning and mid-day meals) or 1 kg of grain and 3 kg of hay (evening meal), simulating a normal feeding situation. The daily ration represented approximately 1.5 × the maintenance requirements for NE (MartinRosset et al., 1994) . Water was available ad libitum from individual water bowls.
Marker Preparation and Dosing
Processed grains were marked with Yb by an immersion technique, as described by Austbø and Volden (2006) . Mean Yb concentration in the labeled grains was 8.66 mg/g of DM (5.76 to 10.98 mg/g of DM). After 5 d of diet adaptation, Yb-labeled grains (0.2 kg) were included in the morning meal.
Sampling and Marker Analysis
Fecal samples weighing approximately 100 g were collected by rectal sampling at 5, 6, 7, 8, 9, 10, 11, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32, 34, 36, 38, 48 , and 52 h after administration of the marker dose, to capture the time span of the complete excretion of marker Rosenfeld et al., 2006) . The samples were dried at 60°C for 48 h and ground to pass a 1-mm screen. Before marker analysis, samples of 500 mg were ashed at 550°C for 16 h. Ytterbium was analyzed using the method described by Siddons et al. (1985) .
Chemical Analysis of Processed Grains
All processed grains were analyzed for DM (Malkomesius and Nehring, 1951) , CP (Kirsten and Hesselius, 1983) , crude fat (according to the method described in Application Note 329, 1999), starch (McCleary et al., 1994) , and ash (Malkomesius and Nehring, 1951) . The NDF was determined using sodium sulfite and α-amylase according to with modifications described by Mertens (2002;  expressed exclusive of residual ash), and ADF (exclusive of residual ash) was determined according to AOAC (2000; Table 1 ).
Passage Model and Calculations
The 2-compartment G4G1-model by Pond et al. (1988) has been proposed as the mathematical model that most accurately describes the GI passage in the horse (Moore-Colyer et al., 2003; Austbø and Volden, 2006; Rosenfeld et al., 2006) . In brief, this gamma function model describes a time-dependent compartment, followed by a time-independent compartment. The 2 mixing compartments are believed to be the cecum and parts of the large colon. The compartmental mean retention time (CMRT) and the rates of which the ingesta leave the 2 mixing compartments (K 1 and K 2 ) are calculated by the model. The time spent outside the 2 mixing compartments, from the mouth to the terminal ileum and the distal part of the colon, is denoted transit time (TT) and corresponds to the first appearance of marker in the feces. The total mean retention time (TMRT) can be read from the excretion curve as the top of the curve and is calculated by the model as the added time of CMRT and TT.
Each horse was fed all processed grains in a random order, and fecal samples were collected similarly after a 5-d adaptation period to a new grain. The samples were analyzed for Yb, and the fecal marker distribution curve for each processed grain was analyzed using the NLIN procedure (SAS Inst. Inc., Cary, NC), with a modified version of the procedure described by Moore et al. (1992) .
Statistical Analysis
The GLM procedure (SAS Inst. Inc.) was used to evaluate the retention times and passage rates in 3 types of grain, each subjected to the 4 different feed processing treatments. The statistical model was
where Y ijk = passage rate and retention times in the various compartments of the GI tract of the horse; µ = overall mean; G i = effect of grain species; T j = effect of feed processing treatment; H k = effect of individual horse; P l = effect of period; and e ijkl = experimental error. The effect of individual horse was regarded as random in the model. The grain × feed processing treatment interactions were not found to be significant (P = 0.15) and excluded from the final model. The effect of the grain type and feed processing was assessed using the PDIFF option of SAS. The statistically significant value was set at P < 0.05, and values between 0.05 and 0.10 were considered to reflect trends.
RESULTS
Analysis of the processed grains showed some variations, mainly in crude fat, starch, and NDF (Table 1) . Maize had a longer retention time in the time-dependent compartment (CMRT 1 ) than the barley and wheat (P < 0.05; Table 2 ). This was also reflected in the decreased passage rate out of this compartment (K 1 ; P < 0.05). The increased retention time in CMRT 1 also resulted in an increased CMRT (P < 0.05). The TT was not affected (P > 0.05) by the type of grain.
The ground grains had a longer CMRT than the hightemperature treated grains (extruded and micronized; P < 0.05). The differences were not statistically significant (P > 0.05) within each compartment; however, the ground grains had less TT than pelleted grains (P < 0.05). The TMRT was not affected by differences (P > 0.05) in the type of grain or feed processing treatments.
The excretion curves for marked grains showed a maximum concentration of marker at approximately 24 h postdosing (data not shown). However, a deviation from the descending curve was observed at approximately 30 h postfeeding. This was shown in the excretion curves for all processed grains.
DISCUSSION

Composition and Processing of Grains
As the same batch of grain was used for all feed processing treatments, it was expected that there would be little variation in the chemical composition caused by treatments. However, some variation was observed. Heat treatment may increase the solubility of fibers (Shinnick et al., 1988; Vranjes and Wenk, 1995) , causing NDF to decrease. However, excessive heat treatment can form lignin-like components that analytically are measured as insoluble fiber, causing NDF to increase (Van Soest and Mason, 1991) . Thus, the effect of extruder treatment on the fiber content may be variable. The change in fiber content could be one of the factors involved in changing the retention times in the GI tract. The estimated CMRT for maize is longer than for the other types of grain. Rosenfeld and Austbø (2009) investigated the prececal and total digestibility of processed grains in horses fed amounts of grain simi-lar to the current experiment and reported that maize had less prececal digestibility of starch and that 25% of the starch was digested postileally. The finding contradicted the common theory that longer retention times of the digesta are associated with increased digestibility (Warner, 1981) .
Analysis of the extruded grains indicated less fat content compared with the other processed grains. This could be due to forming of a fat-starch complex at high temperatures. Acid hydrolysis, used in this experiment as a method to measure fat in grains, could result in damage to lipids treated with the high-temperature and thus give inaccurate measures of lipids (Strange and Schaich, 2000) . There is no evidence indicating that the fat content at this level should affect retention times. Miyaji et al. (2008) studied the distribution of 7 rare earth elements fed to horses 3 to 36 h before slaughter and attempted to fit their data into a 2-compartment model without success. They suggested that a 3-compartment model might be more suitable to explain the retention in the cecum, ventral colon, and right dorsal colon. The anatomical explanation of 3 individual compartments in the equine GI tract seems complicated. Austbø and Volden (2006) and Rosenfeld et al. (2006) concluded that 1-and 2-compartment models could be fitted to describe the equine GI tract passage kinetics. The G4 and G4G1 models gave equally good fit also when dosed through the cecal cannula. Therefore, the gamma time-dependent compartment seems to be of most importance to the fit of the model, and a 2-compartment model describes the equine GI passage kinetics to a high degree.
Mathematical Modeling of the GI Tract
Type of Grain
There are different reasons for feeding various grains to horses based mainly on availability and cost. Barley has an energy value of 3.67 Mcal of DE/kg of DM (NRC, 2007) . The total tract digestibility of protein and starch in barley is 83 and 96%, respectively (Rosenfeld and Austbø, 2009) . Wheat is rarely used alone as a feed for horses, but was included in this study as an example of a highly digestible source of starch. It has high energy content (3.83 Mcal of DE/kg of DM; NRC, 2007). de Fombelle et al. (2004) reported that 99.3% of wheat starch was digested. Maize has the greatest energy value (3.88 Mcal of DE/kg of DM; NRC, 2007), but the total tract starch digestibility of maize is less than for barley, 96 and 91% for barley and maize, respectively, based on different feed processing methods (Rosenfeld and Austbø, 2009) .
The CMRT 1 of maize allows more time for digestion of the nutrients through the action of the intestinal microbiota. This time-dependent compartment was proposed by Moore-Colyer et al. (2003) and Rosenfeld et al. (2006) to be the cecum. Rosenfeld and Austbø (2009) reported that maize had less prececal starch digestibility than oats and barley. It can be suggested that the increased amount of starch supplied to the microbiota in the time-dependent mixing compartment allows the grain particles to remain in the compartment for an extended period. This is supported by the observation that maize had a digestibility of starch similar to the other grains when measured in the feces, indicating that a large amount of the maize starch had been degraded postileally (Rosenfeld and Austbø, 2009 ).
Feed Processing Treatment
Grains fed to horses are usually physically and thermally treated before feeding. Processing will affect the physical and chemical properties of the grains and may also affect feed manufacturing and storage abilities (Van Der Poel et al., 1995; Behnke, 1996) . Heat treatment increases the digestibility of starch and protein, and high temperature combined with high moisture results in the greatest digestibility (NRC, 2007). Estimated using the G4G1 model by Pond et al. (1988) . TT = transit time, time spent outside the mixing compartments; K 1 = mean fractional passage rate from the time-dependent compartment; K 2 = mean fractional passage rate from the time-independent compartment; CMRT 1 = mean retention time in the time-dependent compartment; CMRT 2 = mean retention time in the time-independent compartment; CMRT = compartment mean retention time (CMRT = CMRT 1 + CMRT 2 ); and TMRT = total mean retention time (TT + CMRT).
Grinding grains can increase feed utilization by minimizing differences in particle size (NRC, 2007) . In the current experiment, grains were ground to 1 mm, which mimics the mastication process by the horse (Meyer et al., 1975) . During pelleting, grains reach an intermediate temperature, and moisture is added during the process, which leads to a partial gelatinization of starch during the process. The pelleted grains in this experiment had longer TT than the ground grains, but the TMRT was not altered. Extrusion of grains requires high temperatures, and the starch is gelatinized to a high degree. During micronizing, moisture is added to grains and then cooked with infrared radiant energy before flaking. Grains reach a large degree of gelatinization, and some denaturation of proteins can be expected. The high-temperature treated grains in our experiment (extruded and micronized grains) had a shorter CMRT than the ground grains. However, because TT tended to be longer for the high-temperature treated grains, the TMRT was not affected by feed processing. Processing can affect the site of starch digestion (Meyer et al., 1993; Rosenfeld and Austbø, 2009) , increasing the prececal digestibility. This results in a smaller amount of starch reaching the cecum, possibly affecting digestive processes to alter the retention time in the cecum.
TMRT
The estimated passage rates and transit and retention times of the processed grains were calculated using the G4G1-model of Pond et al. (1988) . The estimated mean values correspond well to those reported by Rosenfeld et al. (2006) , who examined oats and showed similar retention times, and Miraglia et al. (1992) who reported a TMRT from 25.2 to 36.5 h, depending on animal BW. However, the results of the other experiments differed considerably from the current results, showing shorter (Udén et al., 1982; Pearson et al., 2001 ) and longer retention times (Cuddeford et al., 1995; Drogoul et al., 2000) . The large variation in estimated retention times between experiments indicates that external factors such as composition and size of diet, level of exercise, and breed and BW of the horse affect the GI passage rate in the horse. A future approach to further investigate the retention of feed particles in the horse could be to sample digesta from the cecum of cannulated horses to provide information on retention times in the stomach, small intestine, and cecum.
